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PERFORMANCEOFA 16-INCHRAMJETAT MACHNMBERS

FROM1.5TO 2.0

ByEugenePerchonok,FredWilcox,andDonaldP.ennington

SUMMARY

I An investigationof theperformanceof a 16-inchremjetengine
havinga singleoblique-shockall-external.compressioninletdesigned
fora flightMachnumberof1.8,~ conductedin theNKA Lewis8-by
6-footsupersonictindtunnel.DatawereobtainedatMachnurib&sfrom
1.5to 2.0andanglesofattackfrom0° to10°. Three=dt nozzleswere
used;a cylindricaletiensionof thecodx@ion chamber,a 4° hslf-angle
convergingnozzlewitha 0.71contractionratio,anda converging-
divergingnozzlehavinga 0.71contractionratioplusre-expsnsionto
essentiallymajorbodyC+meter.

.... .,,#
Operationatangle.ofattackof10°causeda r~~ction= c~ustion

efficiencyof about10p&%c&rtsgepointsfromthevalueobtainedat 0°
angleof attackandalsocausedreductionsindiffuserpressurerecovery
andairmassflow.At a givencombustion-chsnibertotal-temperatureratiq
therewasa smalldecrementofthethrustcomponentintheflightdirect-
ionanda largeincreaseiQ thethrustcomponentintheliftdirection
astheangleof attackwasincreasedfrom0°to10°.

.

.

Withtheburnerconfigurationemployed,thecold-flow.subcritical
diffuserpulsationsweredsmrpedto verylowamplitudesbyburning.Also,
therewassomeevidencethattheexternslenginebodydragwiththe
convergingexitnozzledecreasedbelowthecold-flowvalueas the
exhaust-gsatemperaturewasraised.

~ engineefficiencieswereobtainedwiththeconverging-
divergingexit-nozzleconfiguration.Graphiteservedasa satisfactory
materialforthisnozzle.

\
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An experimentalinvestigationoftheperformanceof a 16-inchram
jet,enginewasconductedin-theNACALewislaboratory8-by 6-foot
supersonicwindtunnel.Theengine,whichhada singleoblique-shock
all-externalcompressioninletwasdesignedfora flightMachnumber

N..

of1.8. Engineperformancewitha constant-areaexitnozzleat0°a@e E.
ofattackispresentedinreference1. Dataarenowavailableat angles
of attackfrom0°to10°andwithtwoadditionalexit-nozzleconfigura-
tions,a eonicslconvergingnozzleanda converging-divergingnozzle.

Effectsofangleof attackoninternalengineperformance&d a
comparisonofoperationandperformanceforthethreedifferentexit-
nozzleconfigurationsarepresentedanddiscussed.Thesubcritical
diffuserflow”stabilityunderbothcold-flowandburningconditionsis
slsoevaluated.DataarepresentedatMachnumbersfrom1.5to 2.0
andforReynoldsnumbers(basedonengineleuth)from77.5to 81.1x106.

Theconverging-divergingnozzleinsertwasfabricatedofgraphite,
anditsdurabil~ty-a&dwe& undertypical
discussed.

APPARATUS

op&ratingconditionsme

Theengineandburnerconfigurationand&e tunnelinstallation
werethessmeasdescribedinreference1. A schematicdiegrsmofthe
engineisshowninfigure1 anda detailedtabulationof enginecoordi-
natesisgivenintableI. Alsoindicatedinfigure1 aredetailsof
thestaticandtotsl-pressuresurveysat stations2 andx. Theinlet
wasdesignedsothatata streamMachnumber~ of1.8theshock
generatedby the50°conicalspikewouldfallslightlyaheadofthecowl
lip. Thecombustionchamberwas16 inchesindiameter.

.

.

Tl&eee~dt-nozzleconfigurationswereinvestigated,a constantarea
nozzle,a convergingnozzle,anda converging-divergingnozzle.The
over-allenginelengthfmm spiketiptonozzleexitwasthe.samefor
allthreeconfigurations,16 feet.Theconvergingnozzlewasconical
witha convergencehalfangleof4° anda ratioofexitsreato combustion- :
chamberareaof0.71.Theconverging-divergingnozzlealsohada ratio
ofthroatsreato combustionchamberareaof 0.71s@ thenre-expanded
toessentiallycombustionchamberdiameter.Thisnozzleconsistedofa
graphiteinsertandits,contourandretainingdetailswe indicatedin
figure2. .

A schematicdiagramof-theflsmeholder,fuel”manifold,andspray
nozzle.srrangementisgiveninfigure3. Theflsme-holderstifaceopen
areawas133percentof thecombustion-chamberfrontalarea.

.
Propylene

,. ->.. _.. , .— —
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. oxidewasusedasfuel. Thevortex-typepilotburnerwasoperatedwith
. a blendof 50-percentgasolineand50-percentpropyleneoxideby volume.

g An independentlysupportedwater-cooledtailrakewasusedto
(u measuretheexitmomentumat anglesof attackof 0° and6°forsllbut

thegralhitenozzle.Staticwallorificeswerelocatedslongthefore ‘
sectionofthediffuseroutershellandalongthediffuserinnerwall
sndcenterbody. Fluctuationsinpressureloadson theoutershelland
internallyatthediffuserexitweredeterminedwithcommercial
differential-pressurepickups.

Thetotsltemperaturesadpressurein thetestsectiondepended
on thestresmMachnumberaswellas atmosphericconditionsendcould ,

notbe independentlycontrolled.

SYM80LS

Thefollowingsymbolswe usedinthisreport:

.

.

A

c

(et-~d)

‘%P

F

Ft

(l?t-F’d)Vo
~hW#

fja

h

J

sxea(sqft)

areaonwhichsllcoefficientsarebased(areaof 16 in.
diametercircle)

forcecoefficient,—
&nex

propulsivethrustcoefficient

P-POstaticpressurecoefficient,
%

force(lb)

netinternal.thrust(lb)

reducedengine

fuel-airratio

efficiency(percent)

lowerheatingvslueoffuel(13,075Btu/lbforpropylene
oxide]

mechanicalequivalent.ofheat(778Btu/ftlb)

.
*.

.,
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M

m

M/q

.

Subscripts:
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Machnumber

massflow(slugs/see)

massflowratio,ratioof
enginetothemassflow
hatinga diameterequsJ-

.

. .

.

theactualairmassflowthrough
containedinfree-stresmtube
todiffuser-inletdismeter $

tots3pressure(lb/sqftabsolute)

staticpressure(lb/sqft absolute)

maximumpressureamplitudecoefficient,
- minimumpressure -r-—

averagepressure

()dw~c pressure* P ~2

radius(in.)

statictemperature,

velocity(ft/see)

fuelflow(lb/see)
.

@e ofattack(deg)

ratioof specificheats

combustionefficiency .

total-temperatureratioacrossengine

a airenteringengine, ,.

d totalexternalbodydrag

H componentofnetthrustinflighttirection

il. jetthrust

t netinternalthrust

v componeritafnetthrustinliftdirection

a

.,.

–..=
—
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x a& rlOwmeasuringstation(59in.fromcowllip)
d

o freestresm

1 engineinlet

5

2 alternateairflowmeasuringstation(18in.fromcowllip)

3 combustionchsaiberinlet

4 nozzleinlet

6 nozzleexit

PROCEDURE

A cold-flowinvestigationsimilarto thatofreference1 wasmade
withtheconvergingnozzleto determinetheeffectonexternalbody
dragofboattailingtheexitnozzle.As inreference1, a dummystrut
wasemployedto separateexternslbodydragfromthetotaldragmeasured
by thetunnelbslance.Theflameholderwaaremovedanda remotely

. adjustablevalveinsertedatthecotiustionch~er inlettovarythe
tiffuserexitMachnumberoverbotht~esubcriticalandsupercriticsl
flowranges..

Themassairflowthroughtheenginereportedhereinwascomputed
frompressuredataobtainedat stationx (seefig.1) andon thebasis
of additionalindependentairflowmeasurementsis consideredaccurate
to*3 percent.Thediffuserpressurerecoveryis alsobasedonpressures
measuredatthisstationbecauseat0°,angleof attackthetotalpressure
atstation3, thecombustionchsniberinlet,wasfoundtobe thesame
as thatat stationx withintheaccuracyof themeasurement.Theburner-
inletMachnumbersM3 arebasedon theannularareaatthediffuser
exit,station3.

Jetthrustsforthecold-flowinvestigationweredeterminedfrom
themeasuredairflow,twostaticwalJorificesatthenozzleexit,end
a total-pressurerakelocatedjustinsideofthenozzleexit. With
conibustion,theconstant-sreaandconvergingnozzleswereassumedchoked
attheexitandthejetthrustwascomputedfromthetail-raketotal.-
pressuredata.Foranglesof attackgreaterthan6°however,thewater-
cooledtailrakecouldnotbe usedandothermeanswererequiredto
obtaintheAt totalpressure.Foreachexitconfigurationthesame

. relationwasdeterminedto existbetween~ -d theratioofnozzle
exittot~ pressuretototalpressureat stationx p6/px forboth
0° and6°angleof attack.Thissamerelatiohbetween~. and p6/px
wasassumedat10°,and PC couldthenbe determinedfromthevalues
of M3 and Px.

“
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Thewater-cooledtailrs.kewasnotused
converging-divergingexitnozzle.Sincethe
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duringtestswiththe
chokingcross-sectional u_

areasforboththeconvergentandtheconvergent-divergentnozzleswere
equsl,theflowthroughthedivergentsectionofthelatternozzlewas ‘
assumedtobe isentropic,-andtheconvergentnozzledatawaathenused N
to evsluatetheexitgastem~eraturefortheconvergent-divergentnozzle.
Thenetpropulsivethrustwasdeterminedby addingthesupportstrut if

dragto thebalancereadingandthenetinternalthrustobtainedby
addingthepropulsivethrustvaluetothetotal.cold-flowexternal
bodydrag.

Thecombustionefficiency,definedastheratioof thechangein
energyofthegasesflowingthroughtheengineto thelowerheating
valueofthefuelinjected,andallotherinternalengineperformance
parameterswerecomputedby themethodsgenersllyemployedandoutlined
inreferences2 and3. Neitherthecombustionefficiencynorthet&al-
temperatureratioacrosstheenginewerecorrectedforcodinglosses.

Thequantitiescomputedfrotipressureinstrumentationwereassumed
torepresenta validtimeaverageoftheactualvalueduringpulsing
operation(seereference4).

—

.
RESULTSAND~DISCUSSION

Effectofhgle ofAttack

Diffuserpressurerecovery.- Subcriticalandsupercritical
diffuserperformancedataerepresentedinfigure4 for ~ valuesof
1.5,1.8,“and2.0-andanglesof attackof0°,6°,and10°forbothcold-
flowandburningconditions.Nomeasurableeffectofburningondiffuser
total-pressurerecoverywasobserved.Bdh thediffuserpressure
recoveryandtheairmassflowdecressedastheangleof attackwas
progressivelyincreasedfrom@ to10°. FortheMachnumbersinvesti-
gated,thereductioninmassflowwasbetween3 and4 percent.In
general.,thesensitivityofpressurerecoveryandairmassflowto
changesinangleofattackincreasedbothwithangleofattackand Mo.
Theseresultsareconsistentwithpreviouslypublisheddata(reference5).

Theeffectof angleofattackonthecriticalI@,isnotreadily
predictable,foritdependsnotonlyonthedecreasein airflowbuton
thedropin criticalpressurerecoveryaswell.Fora pressureloss
amountingto severalpercent,Mo = 1.8and2.0,thecriticalM3
increasedslightlyastheangleofattackwasraised.At Mo= 1.5the
pressurelosswaslittlemorethsm1 percentandthecriticelM3
wasreducedbecauseofa “decreasein airflow.

d–

.

.
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Diffuserpulsing.-
at MO of1.8and2.0.

7

Subcriticaldiffuserinstabilitywasobserved
Thisinstabilitycausesperiodicfluctuations

inthediffuserstaticandtotalpressures.Thefrequencyof these
pulsesisthesamethroughoutthediffuser,butthesmplitudedepends
onthelocationatwhichthemeasurementismade.As a typi.cslexample
oftheeffectofoperatingconditionon suchfluctuations,thecold-flaw
frequencysndsmplitudevsriationof thestaticpressureatthediffuser
exitarepresentedfor0° sngleofattackinfigure5. Theemplitudeof
thefluctuationis expressedin coefficientformaE ~ wh~e & is .

thedifferencebetweentheaveragemsximumandtheaverageminimum
pressuresand p isthemeanpressureat thepointofmeasurement.

Forthetwocasesillustrated,pulsingwasfirstencounterednear
thecriticalM3 vslue,andonceinitiatedtheamplitudeofthepulse
increasedshsrplyas ~ waslowered.At sn M3 of approhtely
O.11,smplitudecoefficientsoftheorderof 0.8(representingpressure
fluctuationsof~7.4lb/sqin.)wereobserved.Furtherreductionsof
MS resultedina reversalintrendamda dropin smplitude.Although
it isnottoowelldefinedby thesedata,thereisalsoa trendtoward
reducedamplitudesas Mo islowered.Littlechangeinamplitudewas
obtainedwhentheangleof attackwaschsngedfrom0°to 6°butwhenit
wasincreasedfrom6°to10°,thecold-flowamplitudeswerereduced
considerably.

Oncepulsingwasestablished,thefrequenciesatboth Mo = 1.8 .
snd2.0wereessentiallysimilar.Thisresultis consistentwiththe
theoryofreference6 andisdueprimarilytosimilarlyshapedpressure
recoverycurvesatbothMachnunibers.A theoreticalfrequencycurve,
basedon thetheoryofreference6,is shownfor Mo= 2.0andgood
agreementwithexperimentisobservedfromtheinceptionofpulsing
to I@= 0.15.Althoughbelowthisvaluethetrendsbetweentheoryand
experimentaresimilsr,e~erimental.frequenciesup to 3 cyclesper
secondhigherthanpredictedwereobserved.

Thecombinedeffectofinsertinga flameholderandburningon
frequencyandamplitude,bothonthecowlandtiternallyatthediffuser
exit,areshowninfigure6. Thesedataarefor Mo = 1.8,andsimilsr
resultswereobtainedat Mo = 2.0. Forconveniencein interpreting
thedata,thestaticpressurecoefficientsCp at thepointsofmeasure-
mentsrealsoindicated.Staticpressurefluctuationsontheexternsl
cowlsurfaceweremeasuredat45°fromtopcenterand1.47bodydismeters
fromthecowllip. Thedynamicpressurepickupwithwhichthismeasme-
mentwasmadewasmountedinthecenterbodyandconnectedto thecowl

. surfacewitha l/4-inchtube.

Externslandinternslpressurefluctuationsoccurredinitiallyat. thesame m value@ hadidenticalfrequencies.Thesmplitude
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coefficientsandthepressureamplitudeswere,however,considerablyless
externallythaninternally.Considerablygreateramplitudesandfluctu-
atingpressure10.wIswillundoubtedlybe observedatexternslstations
closertotheinlet-lip.At 10°angleofattack,randomexternal

‘3poundspersquareinch(tentimesthemsximumpressurepulsationsof -
valueat0°angle’ofattack)wereobserved.

Thepulsationfrequencycouldnotbe readilyevaluatedunder
burningconditionsbecausecombustionpulsationsweresuperimposedon
thediffuserpulsation,causingthepressuretracesobtainedtobe quite
irregularundersupercriticslEMwellassubcriticalflowconditions.
Thecombinedeffectofinsertingtheflameholderandburningwasto
dampenconsiderablytheamplitudeof thecold-flowsubcriticaldiffuser
pulse.At&= 0.145,theamplitudecoefficientofthediffuser-exit
staticpressurewasreducedfroma cold-flowvalueof0.45toa burning
valuebelow0.04.Thislattercoefficientcorrespondstoa pressure
variationof*0.72poundspersquareinch.

Thedsmpinginfluenceexertedunderburningconditionsextended
totheexternalpressurefluctuationsaswell..Theaboveaverage
amplitudesofthefiveconditionsindicatedonfigure6 aredueto “
irregularrandomdisturbancesandnottosubcriticaldiffuserinstability.

Onlythecombineddampingeffectivenessoftheflameholderand
burningwasobteined.Theresultsobtainedmaythereforebe peculiar
to.theburnerconfigurationinvestigatedaqdotherconfigurationsmay
aqplifythe,pulse,causingcombustorblow-out.

Typicalpressuretracesundersubcriticalandsupercriticslflow
conditionsarepresentedinfigures7 and8,respectively.8ubcritically,
a regularpulsationwasobservedinthecold-flowcase,whereasthe
combustionpulsewassuperimposedonthispatterninthe
Supercritically,lowamplitudeirregularpulsesoccurred
bothatthediffuserexitandonthecowlstiface.At a
frequencyatismplitudecoefficientatthe&l.ffuserexit
matel.ythessmeforboth0° and6° angleofattack.

burningcase.
duringburning
givenM3 the
wereapproxi-

To indicatethenormalshocktravelfora typicalsubcritical
operatingcondition,a sequencefroma high-speedmotionpictureofthe
cold-flowshockmovementatthecowlinletfor Mo= 2.0,a =-6°,and
a massflowratiom/mo of0.784isshowninfigure9.

Rressuredistribution.- Thelongitudinal.variationwithmassflow
andstresmMachnumberofthestaticpressurealongtheuppersurfaceof
thecenterbodyandtheexternalstaticpressurealongthetopsurface
ofthecowleregivenfor0° angleof attackinfigure10(a).The
pressuredistributionsonthe.internalsurfaceofthecowlwereessen-
tiallythesaneas’thoseonthecenterbody”andthereforearenot
presented. . . ..-. .

b

.
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Theeffectofms flowratioontheexteyneJ-

9

cowlpressurecoef-
. ficientbeyond0.8bbdydiemeterfromthelipwassmellendappesrsto

be independentof stresmMachnumber.Intheregionbetween.thelip
and0.8bodytiameter,thevaluesof ~ decremeas thems flow

2N ratioisreduceduntilathighspillageratiosCp becomesnegative
N andleadlng-edgesuctionoccurs.Theincreasein ~ at 3 body

diametersfromthelipfor Mo = 1.5wascausedby reflectionfromthe
tunnelwsXlsoftheinletshockdisturbance.

Undersupercriticalflowconditions,a smallcontractionat the
inletcausedanappreciablesupersonicflowdecelerationin theregion
betweenthecowllipand0.1bodydiameterat Mo = 2. Theflowthen
reacceleratesuntila normslshockoccurs.Becausethebounderylayer
c=ot supportan abruptpessu rise)a branchedshod CO~iWatiOn
is indicatedby thepressurecoefficients.Itwould,therefore,be
difficulttu usea controlmechanismdesignedto sensethenormal
shockpositionfromstaticwallpressure.Theirregularityinthe
pressuredistributionsfrom1 to 1.5hcdydiametersat themaximmn
M3 conditionisthoughttobe dueto thecenter-bodysupportstruts.

.

.

Theeffectof angleofattackand Mo on thepressuredistribution
alongthetopand’bottomsurfacesof thecowlforcritic-inlet”flow
isshowninfigure10(b).At allthreevsluesof Mo,considerablelift
resultedasthebodywasraisedtopositiveanglesof at”tack.At a
givenMachnumberendangleof attack,thepressurecoefficientson
bothtopandbottomsurfaceswereessentiallyconstantbetween1.5and
3.2bodydiemetersfromthelip. Datawerenottakenbeyondthislatter
position.Similarresultshavebeenobtainedonbodiesapproximately
= thissize(reference5).

Thevariationofthestaticpressuresontheupperandlower
surfacesofthecenterbodywith Mo end@e of attackis shown
infigure10(c).Onbothsurfaces,theangleof attackeffectsincrease
with M.o.Thedifferencesinpressurebetweenthetopandbottom
surfacessreespeciallyapparentat thelowest~ ad occurinthe
regionbetweenthelipand0.5bodydismeterfromthelip. At thehigher
valuesof Mo,somedifferenceoccursin theregionofthecenter-body
supportstrut.Theconclusionisreachedthatforanglesof attack
between0° and10°,internalforcesnormsltotheengineaxissrein
generalexperiencedintheregtonofthediffuserin+et.

Internalvelocitydistribution.- Representativedataof thelocal
Machnumbervariationattheair-flowmeasuringstation,sreshownin
figureH for ~ = 1.8. The,ssmetrendsandessenti~ythesame .
velocityprofileswerenotedunderbothcold-flowandburningconditions,
figuresn(a) andll(b).An essentiallyuniformcircumferentialvelocity
distributionresultedat0°angleof attack.As theengleof attac&was

. .
.
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annularductbuta shift
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ontheflowwasnotedintheupperhalfofthe
inthepeakvelocitiestowardthecenterbody.

—

wasobservedin thelowerhalfoftheduct;-Similsrresultswere
obtainedsubcritically,exceptthattheprofilesintheupperhslfof
theductweresomewhatflatteratanglesof attackgreaterthan0°
thsmthesupercriticaldatashown.

Theeffectof I@ onthevelocitydistributionisdemonstrated
infigure11(c).Thepeakvelocitiesconcentratenearthecenterbody

, forsubcriticalflowandmovetowsrdtheouterwti aatheflowbecomes
supercriticsl.Thissametrendhasalsobeeriobservedwithanengine
ofdifferentdesign(reference4).

Combustorperformance.- Combustor@rfozmancewitha constant-area
outletat B@= 1.8ispresentedastypicalof theeffectof angleof
attackonb~ner operationinfigure12. Increasingtheangleofattack
from0°to10°decreasedthepeaktemperatureratioz from4,6to4.3,
butdidnotnoticeablychangetheotherburtiroperatingcharacteristics.
Thisreductionisthoughttobe causedbythechsmgeinfuel-air
distributionatthecombustionchsmberinlet.Theoperablefuel-air
ratiorangewaslimitedby thefuelsystemratherthanburnerblow-out,
andtheburnerwasoperatedsatisfactorilyto10°angleof attackfrom
a valueof ~ aalowas 0.18toaahighas 0.32withoutinstability
orundueshellheating.Withpropyleneoxideasfuel,ignitionwas
obtainedat10°@e of attackaaeasilyasat 0°,andfortheconfigu-
rationinvestigatedno additionalburnerproblemswereintroducedby
operationatanglesof attackto10°.

Internal engine_performarrce.- Thetypicaleffectof angleof
attackoninternslengineperformanceis shownintermsof thejet
thrustcoefficientfor ~ = 1.8,figure13. Thedecreasein exitjet
thrustata givenT snd Mo astheangleof attackisincreased
resultsfrdmtwosimultaneouseffects,a reductionindiffuserpressure
recoveryanda dropinthemasssirflowthrc)ughtheengine.Intie
Mo rangeinvestigated,thereductionin jetT_thrustcoefficientasthe
angle.ofattackwasincreasedappearedindependentof T andwasdue
primarilytothereductioniiairflow.

Theeffectofangleof attackcanbemorereadilyinterpretedif
thenetinternslengineforcesme presentedin termsoftheflightand
liftdirections.Thehorizontal(flightdirection)nettiternalthrust
coefficientCH isbasedon a thrustvaluecomputedfromthefollowing
equation

,
FH=Fjcosu-~Vo

andthevsrticd(lift)componentCv basedona thrustcomputedfrom
FV= Fj sins-”

.

.-

—

.—

.

*
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Thechangein ~ and Cv with Mo,T, andangleof attackis

sh~wninfigure14. Althoughthespecificdatapresentedwereobtained
tiththeconstantsreaexitnozzle,similartrendswereobservedwith
theothernozzleconfigurationsinvestigated.By operati~”theengine
atpositiveanglesof attack,considerableliftcanbe derivedfrom
internalforceswithonlya smalll.lossin FH. Forexample,whenthe
angleof attackwasincreasedfromQ0 to10°,reductionsin CE raUg-
ingfrom7 to15 percentoccurred;.however,at10°amgleof.attackCv
vsluesintheorderof30 to50percentof ~ wereobtained.Thus>
asa resultof internalforcesonly,incrementalliftto thrustratios
asgreatas5 wereattained.

. .
At positiveanglesof attack,a sizeableliftis obtainednotonly

fromtheverticalcomponentoftheinternalengineforcesbutfromthe ,
externalaerod~ami.cforceson theenginebodyaswell. Apartfrom
stabilityconsiderationsandchangesin coribustionefficiency,the
desirabilityofflyinga ramjetatpositiveanglesof attackisdeter-
minedlyweighingtheincreaseinbodydragandthereductionin FH
sgainsttheliftachievedandthereductionintherequiredwingarea
whichresults.Theanalysisofreference7 indicatesthattherange
of a ramjet-poweredvehiclemaybe increasedbymaintainingtheengine
at a positiveangleof attack.

.

EffectofExitNozzleConfigurationonEnginePerformance

Externalbodydrag.- Body-dragcoefficientsfor Mo vsluesfrom
1.5to2.0,giveninreference1 fortheconstszrt-sreaexitnozzle
engineconfiguration,arereproducedin figure15. Thelineofmaximum
massflowratiorepresentstheminimumexternalbodydragateach ~,
andthesameminimumdragcoefficientwasobservedunderbothcold-flow
andburningconditions.Thedashedlineon figure15representsthe
minimumexternaldragof theconvergingexit-nozzleengineconfiguration
andwasobtainedby addingthetheoreticalboattaildragto themin-
drsgcurveof thestraight-pipeconfiguration.Becauseof thelow
boattailangle,identicalvaluesforboattaildragswerecomputedfrom
linearizedtheoryandby themethodof characteristics.Theexperi-
mentalminimumbodydragsundercold-flowconditionsfellslightlybelow
thetheoreticalvalues.

Thesupercriticalextern@bodydragwitha conicalconvergingexit
nozzle,determinedunderburningconditions,indicatesa considerable
reductioninbodydragoverthatobtainedundercold-flowconditions,
figure16. Themagnitudeof thisreductionincreasedwithboth B@ and
z. At Mo= 2 and %=.3.6,a reductionszuountingto45percentofthe
supercriticslcold-flowdragwasobserved.
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Additionalindependentverificationofthisphenomenoncouldnot ;
be obtainedwiththelimitedmeasurementsmade. However,becausethe
observeddragreductionexceedsthelimitationsof experimentalaccuracy
itis“thought.thattheconvergingnozzleactuallyissubjecttoincreas-
ingexternalpressuresas thetemperatureofthejetiSrafsed.A
similsrdragreductionhasalsobeenobservedinwindtunneltestsof
a smallburningrsmjetmodel(reference8).

Coldjetsexhaustingfroma bodywithboattailanda relatively
smsllamountofboundsxylayerhavereducedthesupersonicexternal
bodydragbelowthatforthejet~offcondition,(references9 end10).
Accordingtothesedata,thedecreaseinbeg atPressureratioss~l~
tothoseof thisinvestigationwouldbe negligible.Yetithasbeen
observedduringthisinvestigationandinothers(references11 and12)
thatboattailedbodydragswitha hotjetarenoticeablylessthanthe ‘
jet-offor cold-jetcondition.Withburning,heattransferthroughthe
wellof thecombustionchembercanthickentheexternalboundarylayer;
butthefactthata changeindrsgdidnotoccurwiththeconstant-area
exitnegatesthepossibilityof a frictiondrageffect.Thephenomenon
maybe a tunnel-modelinterferenceeffect.Othermechanismswhichcould
alsocausethisdragreductionsrediscussedinreference13.

Netinternalthrust.- Theeffectofexitnozzleconfigurationon
thenetinternslthrustcoefficientCt isshowninfigure17 aaa
functionof’I@ for ~ = 1.5,1.8,and2.0. Thedatafornozzle
contractionratios% -ofo.’71

z
and1.0arebasedontail-rakemeasure-

ments,whereastheconverging-divergingnozzledatawerecomputedfrti
bslancemeasurementsan anetiernslbodydragtskenasequaltothe

icoldflowdragofthe
t= 1“0Cotiiwration”‘e ‘heoreticdnet

internaLthrustoftheconverging-divergingoutletwasdetermined.by
A6addingtothe
%

= 0.71datathethrustincr=entduetoi.sentropic

expansioninthedivergingnozzlesection.Sincetheexperimentaldata
fallshovethetheoreticalcurves,itis concludedthateithertheflow
throughthedivergingsectionofthe’nozzleisnotisentropicorthe
throatareasinthetwocases=e notidentical.(A2 percentdiffererice
int&oat_sreacouldcausethisapparentdiscrepancy.)In anycase,at
all I@ vs&es investigatedtheconverging-divergingoutletgavea
consistentanddefi,niteadvantageovera conicalconvergingoutlet
havingthessmegeometricthroatarea.

Thenetinternalthrustcoefficientsincreaseinboththesub-
criticalandthesupercriticalregionsas thevalueof I@ islow5red
by raisingthetotal-temperatureratio‘c.However,a breakinthe
curveoccursatthecriticalflowcondition.At a givenM3,meximm

.
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~
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—
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.

.-

—

.
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internalthrustswereobtainedwiththe A6
T

becausetheenginewasbeingoperatedatthe
themaximumexperimentalnetinternslthrust

d+ converging-divergingnozzle,Ct=zbw Mo = 1.8,thewidestnetinternal

Machnumbersresultedforthe
A6
G

Conibustionefficiency.- The
on combustionchaniberperformance
sentedfor0° angleof.attackand

= 1.0configuration,
hi@est’% va&e. Although
wssobtainedwiththe

0.85at Mo =.2.0and0.84at
thrustcoefficientrangeatd-lstresm “
= 1.0configuration.

effect-ofthevariousexhaustnozzles
is shownin figure18. .Dataarepre-
ata stresmMachnumberof1.8only.

forin geners3t~esetrendsaretypical.ofthoseobtsinedat theothe>
anglesof attackand Mo valuesinvestigated.Thefuel-airratio
rangeforeachco@igurationisnotsi@ficant,fortherewasnolean
blow-outlimitandtherichlimitwasagaindependentonthemaximum
pumpingcapacityofthefuelsystem.(Stoichiometricfuel-airratio
forpropyleneoxideis 0.105.)

As expected,essentisI1.ysimilarconibustorperformancewasobserved
fortheconvergingandtheconverging-d3.verg@gnozzleconfigurations.
Thesmelldifferencein conibustionefficiencywhichwasobservedis

. withintheaccuracyofthedata. Thereissomeetidence,however,that
theflowthroughthedivergingsectionisnoti.sentropic,andif com-
bustionis consideredtooccurin thedivergingsection,thedifference. betweenthetwocurveswiIlbe reduced.

Netengineperformance.- Inorderto obtaina bettercomparison
ofnozzleconfigurationsforrangeconsiderations,theexternaldrags
mustalsobe considered.Thiscanbe doneby presentingthereduced
engineefficiencyintermsofthepropulsivethrustcoefficient(Ct-Cd),
figme 19..Theengineefficiencyisbasicellythereciprocsllofthe
thrustspecfiicfuelconsumptionandhasbeenreducedforconvenience
to100percentcombustionefficiencytoeliminatean additionalvariable.
Thevaluesof M3 ad % sreslsopresentedto sldanalysisandinter-
pretationofthe data.

Overtherangeinvestigated,theresultsindicatethatfora given
45propulsivethrustthe — = 0.71outletismoreefficientthsnthe
&

.

&—= 1.0outlet.(The ‘6
4

= 1.0dataweretskenfromreference1.)
G’

Moreover,addl.tionalgsinresultsif an internally&pandingsectionis
addedatthenozzleoutlet.A% &= 2.o, a maximumreducedengine- .,
efficiencyof 21percentsada msximumpropulsivethrustcoefficientof
0.68wereachieved.EYogressivelylowervaluesresultedas ~ was

. reduced.
#
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Becausethereis somequestionconcerningthetruedragofthe
converging-nozzleconfiguration.whileburning,thecold-flowdragvalues
wereusedin computingthed~t~pointsplottedinfigure19. I.fthe
bodydragdeterminedunderburningconditionsisusedinstead,thegti-h
resultingwiththeconverging-divergingnozzleis slight.To showthis
effect,thevariationof engineefficiency,basedonburningdragti,has
slsobeenimcludedinfigure19.

Whenthetotal-temperatureratioisincreasedtothepointwhere
witha fixedgeotietryoutletthe-flowbecomessubcritical,thetotsl
externalbodydragincreasesandthediffusertotal-~essurerecovery
generallyfalls.Althoughthiscombinatiofiof circumstancespermits
continuedincreasesinthepropulsivethrust,itultimatelyresultsin
a red;ctionintheengineefficiency.Sucha trendisappsrentfor

.
—=” 0.71configurationat ~ = 1.8&d 1.5where,although’‘he A;

(Ct-cdjcontinuedtiOincrease@th z, the.risingfuel-consumptionrate
causeda reductioninengineefficiency.

Theengine-ispotentiallycapableof&eaterpropulsivethrusts
witha constant-areanozzlethanwitha contractedoutlet.Ifthe
(Ct-Cd)dataisplottedasa functionof J& fortheseveralnozzle
configurationsinvestigated,(fig.20),themagnitudeofthepropulsive
thrustdifferencesismorereadily”appuqnt.””Thegreaterpropulsive
thrustsdevelopedtiththeuncontractedoutletisduetothehigher‘r
vsluesrequiredtomaintaina giveninletflowcondition.

DurabilityofGraphiteNozzle

Inmanysuggestedramjetdesigns,grap~tehasbeenproposed”&s
a desirableexitnozzlematerial.However,~littleinfo~tionis
available-ontheuseanddurabilityofgraputefor”suchap~lications.
Theenginewasinitisllyoperatedwitha gr~@itenozzleforabout
2c)minutesat ~ = 1.8,2.0;and0°angletiattack.Theenginewas
thenrunforapproximately30tinutesat Mo= 2.0,6°and10°angles
ofattack,and ~ = 1.6,0°angleofattack(datanotpresented).
Duringthesermthe enginewasoperatedove”ra rangeoffuelflows
endthegraphitenozzlewassubjectedtotemperaturessufficientlyhigh
to causeittoglow.

Inspectionof thegraphiteinsertindicateddo appreciablesurface
wearor deterioration.Temperature-sensitivepaintsindicatedthatthe
ciutersurfaceof theshellin a regionon topcenterandaheadofthe
graphitenozzleinserthadreachedllO@ F,,hutthatnopartofthe
shellsurrounding‘theinsert”hadreachedthistemperature!Themethod
ofretainingthegraphitenozzleinsertintheoutershellprovedsatis-
factoryandcausednodifficultyinTabricat-i”on.

&
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.

- SUMMARYOFRESULTS
.

.

.

.

.

Thefollowingresultswereobtainedfroman investigationof a
16-inchrsmjetengineintheNACALewislaboratory8-by 6-footsuper-
sonictunnel.Datawereobtainedwiththreeexitnozzleconfigurations
at anglesof attackfrom0°to10°andMachnumbers.from1.5to2.0.

1. Fortheburnerconfigurationused,a changein engineangleof
attackfrom0°to10°causeda reductionin combustionefficiencyof
about10percentagepointswithnoreductioninrangeof operationor
easeofignition.

2. Somelossesindiffusertotal-pressurerecoveryandmaximum
massflowoccurredastheangleof attackkaschangedfrom0°to10°.
me etude oftheselossesincreasedwithstreamMachnumberaud
angleof attack.Similsrvelocitydistributionsatthediffuserexit
andthessmediffuserperformancewereobtainedundercold-flowtid
burningconditions.

3. A considerableliftcanbe achievedfrominternalforcesby
operatingtheengineatpositiveanglesof attackwithonlysmslllosses
inhorizontalthrust.

4. Subcriticalpressurefluctuationatthediffuserefitamounting
toasmuchaa27*4poundspersqu&reinchwereobservedundercold-flow
conditions.Thesefluctuationsweredsmpedoutintheburningcase,
thegreatestsmplitudeobservedbeingabout*0.7poundspersquareinch.
Littlechangeinsmplitudewasobservedin thecold-flowcasewhenthe
angleof attackwasincreasedfrom0°to 6°,butthechsngefrom6°
to10°causeda considerablereductioninsmplitude.

5. As predictedby theorythecold-flowenginebodydrsgincreased
slightlywhentheconstant-areaexit-nozzlewasreplacedwitha con-
vergingnozzle.Thereis someetidence,however,thattheenginebody
dragwitha boat-tailedafterbodymaybe appreciablylessunderburning
thancold-flowconditions.

6. Maximumengineefficiencieswereobtainedwitha converging-
divergingexitnozzleconfiguration.

7. A grapldteconverging-divergi~exitnozzlewasoperatedfora
periodof50minutesattemperaturessufficientlyhighto causethe
graphitetoglow.Thedurabilityoftheinsertprovedsatisfactoryand
no crackingorerosionoccurredduringthisperiodofoperation.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio
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16-INCHRAM-JXTOOOIUIINATES
.

.

/ L~_ —
Station

L

“-(in.)

-5.05
-4.0
-3.0
-2.0
-1.0
0
1.0
2.0
3.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
18.0
30.0
46.0
59.0
63.0
68.4
81
93

107
169
187

Location

Tipofspike
[conehalf-angle25°

Lipofinlet
(radiusO.O32in.)

Station2

Stationx

Indof centerbody
‘ilotairinlets
‘ilotmaximumdia-
meter

Station3
khaustnozzleinlet

Nozzleexit

(i:.)

,0
0.48
0.94
1.41
1.88
2.34
e.70
3.10
3.36
3.58
3.94
4.21
4.40
4.52
4.58
4.60
4.58
4.44
4.02
3.08
2.43
0
1.5
4.0

3.3

(i:.)

5.05
5.13
5.30
5.45
5.59
5.83
6.03
6.20
6.36
6.48
6.58
6.61

1
Straight
taper
7.75
7.45
7.38

8.00
8.00

(i:.)

5.37
5.54
5.69
5.83
6.07
6.28
6.45
6.61
6.72
6.82
6.85

!
Straight
taper
8.13

1

Cylindrical
section

8.13

..—-— -

.

. .
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.

Externalcowl

2 lb/sqin.

4 lb/sqin.

Diffuserexit

(a) Cold,combustion-chamberinletMachnumber,O.150.

0.,9lb/sqin.

Externalcowl

O.alb/sqin.

Diffuserexit

(b) Burning,combustion-chamberinletMachnumber,O.153.=S=

Figure7.- Effectofburningondiffuserpressurepulsations.Free-streamMachnumber,
1.8:constant-areaexhaustnozzle.
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tm@kE#m,.
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(a) Beginningofcycle.

.

(b)12.5percentof
cycle.

(2)25percentof
cycle.

(d)37.5percentof
cycle.

(e)50percentof
cycle.

(f)62.5percentof
cycle.

(g)75percentof
cycle.

(h)87.5percentof
cycle.

(i)Endofcycle.

Fi13ure9.- SequenceofghotographsatinletfoI.cold-flowoperationatMa+
number2.0takenbyhighspeedmotionpicturecamera.Angleofattack,6“;
frequency,18.7cyclespersecond;diffuserexitamplitudecoefficient,
0.36;cmnbustion-chamberinletMachnumber,0.165.
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